This paper estimates the impact of climate change on foodgrain yields in India, namely rice and millets. We estimate a crop-specific agricultural production function with exogenous climate variables, namely, precipitation and temperature and control for key inputs such as irrigation, fertilizer and labour. Our analysis is at the district level using a panel dataset for physical yield (output per hectare -gross cropped area) for the period 1966-99. Thus, we eschew crop simulation approaches that rely on experimental data. We do not also estimate reduced form relationships between economic variables such as profits or the monetary value of yield and weather measures. Consistent with other studies at the district and state level we find significant impacts of climate change (temperature and precipitation) on Indian agriculture. The implication of our results for inter-state disparities and corrective measures is elaborated.
Introduction
Meteorological data compiled over the past century suggest the earth is warming. In keeping with this, for India as a whole mean annual temperature shows a significant warming trend of 0.51 degrees Celsius per 100 years during the period 1901-2007 (Kothawale et al., 2010) .
Similarly, global projections of temperature and for precipitation augur a warmer and wetter world, on average. Simulations with regional climate models project similar trends for both variables for India-by 2030s annual mean temperatures and summer monsoon rainfall are both expected to increase on average (GoI 2010) . But for a country of sub-continental proportions there are, as expected, significant regional variations in past and future trends.
Both these facts have significant implications for the Indian economy in terms of the impact of climate change and also its regional incidence. This is particularly true for the agricultural sector where climate is a direct input into production. While the salience of this sector in India has declined over the years, it still remains important in the socio-economic fabric of the country. Though agriculture alone (other than forestry and fisheries) accounts for only about 15% of GDP, it employs 55% of the workforce [ref] . Moreover, according to the 2011 census 69% of the population remains rural and intimately connected to this sector. There are also important forward and backward linkages to agriculture from the rest of the economy.
Our primary interest in this sector, however, is from the perspective of poverty which remains widespread despite significant progress in reducing it-the country is still estimated to have a third of the world's poor. According to some estimates 32.7% of the population is below the international poverty line of US$ 1.25 per day (PPP) while 68.7% live on less than US$ 2 per day (World Bank 2011) 1 . A key aspect of poverty is its incidence which is rural and concentrated among agricultural labour. Thus, according to the Indian Planning Commission, in the year 2009-10 more than 1 in 3 of the rural population was poor (33.8%) whereas the figure for urban areas was about 1 in 5 (20.9%). Equally important for our analysis, nearly 50% of agricultural labourers were below the poverty line in rural areas (GoI 2012) . 1 The definition and measurement of poverty in India is controversial and politically charged and somewhat of an obsession with Indian economists. We do not enter into this area other than providing illustrative numbers for purposes of our argument.
Within agriculture we focus on two key food crops, namely, rice and millets. Using district level panel data on annual yields (output per hectare), inputs, and climate variables for 1966-99, we find significant impacts of rainfall and temperature on yields of both crops.
Extrapolating forward, we find climate change is likely to reduce yields of these crops significantly 2 . We also focus on regional variations in our results to highlight the uneven impact of climate change across India. The latter finding has policy implications in terms of regional imbalances and also for the literature on convergence and divergence across Indian states 3 .
Our methodology is based on estimating an agricultural production function with exogenous climate variables, namely, precipitation and temperature. Thus, we eschew crop simulation approaches that rely on experimental data 4 . We do not also estimate reduced form relationships between economic variables such as profits or the monetary value of yield and various forms of weather measures.
Our focus on rice and millets is deliberate. The former is the most important cereal food crop in India accounting for 23.3% of gross cropped area and about 43% of total food grain production as well as 46% of cereal production (Singh 2009 ). In economic terms, rice (including paddy) ranked highest by value among all agricultural products in India with a total output of about $38.4 billion in 2010 (FAO 2011a) . India is considered to be one of the original centers of rice cultivation covering 44 million hectares. Its rice harvesting area is the largest in the world. Around 65% of the total population in India eats rice and it provides the main source of income and employment for more than 50 million households (IRRI).
From our perspective of rural poverty in particular, we note rice (actually paddy) 5 as cultivated in most parts of India, is a highly labour intensive crop. Also, much of this labour especially during sowing and transplanting is provided by women. Thus, there is an important gender dimension as well (FAO 2004 and FAO 2011b) 6 .
Millets on the other hand are traditional 'coarse cereals' whose importance is more in terms of their role as a staple crop consumed by the poor 7 . In terms of food grain production millets ranked fourth in India behind rice, wheat and maize (FAO 2011a) 8 . Within millets we concentrate on the two key varieties, namely, pearl millet (bajra) and sorghum (jowar).
Post Green Revolution, millets have lost ground to other food crops, especially wheat and rice--the production of millets has more or less remained constant between whereas that of rice and wheat has increased by 125% and 285%, respectively (MNI et al., 2009 ). As we discuss later and anticipating our empirical results, this has important policy implications vis-à-vis climate change-we find millets in particular to be much less sensitive to temperature and rainfall than rice and by corollary more climate resilient.
Again, from a poverty perspective both rice and millets are largely grown by small and marginal farmers (i.e., those with holdings less than 2 hectares) and with much less irrigation as compared to wheat which is almost entirely irrigated and cultivated by relatively bigger farmers. Table A2 shows 57% of area under rice is cultivated by marginal and small farmers compared to 44% for wheat. At the other end of the spectrum large wheat farmers (holdings of 10 hectares or more) account for more than 10% of the area under their crop compared to similar large rice farmers who account for only about 5.5% of the area under rice. Finally, 90% of area under wheat is irrigated compared to 59% for rice and only 29% for other cereals (coarse cereals).
The plan of the paper is as follows. The following section provides the context in terms of projected trends and regional variation in climate variables (rainfall and temperature) for India. It also provides further detail on how, when and where our two crops are grown in the country and the potential role of climate variables. Section 3 presents our conceptual framework and situates it in the literature on the impact of climate on agriculture, particularly with regard to India. Section 4 describes the data and econometric methodology. Section 5 presents and interprets the results of our analysis including the likely effect of climate change. Section 6 concludes the paper.
Climate change and agriculture in India

Trends and regional variation in climate variables
India's climate system has unique features that are often not well captured by global climate models, the most widely used being coupled atmosphere-ocean-sea-ice-land-surface models (AOGCMs) with a resolution of 250-300 km grids. India's climate is dominated by the summer or southwest monsoon (and to a lesser extent the winter or northeast monsoon) and by the country's physiological features such as the western and eastern ghats, the central plateau and the Himalayas. The summer monsoon and the rains that it brings are a major weather phenomenon in the Indian subcontinent and deeply influences the lives of its inhabitants. It is a four-month period (June-September) when massive convective thunderstorms dominate India's weather, and is the Earth's most productive wet season (Collier and Webb 2002) . This season provides over 80% of India's rainfall (Bagla 2006 (Bagla , 2012 . Thus the quantity, temporal and spatial distribution of the precipitation (rainfall) accompanying the monsoon is its most monitored component and is particularly important for 5 agriculture. The summer monsoon is also the most economically important weather pattern to the extent a recent Indian Finance Minister (Pranab Mukherjee) called it "the real finance minister" 9 . Yet it is "only partially understood and notoriously difficult to predict" (Wikipedia 2012) .
Though the dependence of agriculture on the summer monsoon has reduced somewhat lately due to increased irrigation and better drought management, Figure 1 shows clearly how the two have marched in lockstep. This is unsurprising since, out of the total net sown area of 141.0 million hectares (Mha) in India, rainfed area accounts for 85.0 Mha spread over 177
districts. This constitutes approximately 60 percent of the total farming area in the country.
Rainfed agriculture contributes 44% of the total food grain production of the country and produces 75% of pulses and more than 90% of sorghum, millet and groundnut from arid and semiarid regions. Even after half a century of lopsided policies that have focused on pockets of the country and specific crops, rainfed regions provide livelihood to nearly 50% of the total rural workforce and sustain 60% of cattle population of the country (MNI et al., 2009 ).
Keeping in view the peculiarities of India's climate and of the summer monsoon in particular, in a recent exercise a regional climate model (RCM) with 50 km resolution, namely, PRECIS was deployed to dynamically downscale global model simulations and superimpose regional details from India (GoI 2010). This exercise coupled with long instrumental records allows us to capture past trends and also make projections for key climate variables such as temperature and rainfall within the country at a disaggregated level.
As mentioned earlier, for India as a whole mean annual temperature shows a significant warming trend of 0.51 degrees Celsius per 100 years during the period 1901-2007 (Kothawale et al., 2010 Projections for climate in the medium-run for India seem to indicate it will be warmer and wetter but with significant regional variation. Overall there will be (i) an increase in average surface temperature by 2-4 degrees C, (ii) changes in the distribution of rainfall (inter-temporal and spatial) during both monsoon and non-monsoon months, (iii) decrease in the number of rainy days by more than 15 days, (iv) an increase in the intensity of rainfall by 1-4mm/day, and (v) an increase in the frequency and intensity of cyclonic storms (Ranuzzi and Srivsatava 2012) 2.2 Rice and millets in India: key issues
Rice is the most important food crop in India 13 . It accounts for 23.3% of gross cropped area and 43% of total food grain production as well as 46% of cereal production (Singh 2009 
Framework and relevant literature
Conceptual framework
Our methodology is based on estimating an agricultural production function with exogenous climate variables, namely, precipitation and temperature. Our analysis is at the district level using a panel dataset for physical yield (output per hectare -gross cropped area) for rice and pearl millet. Thus, we eschew crop simulation approaches that rely on experimental data.
We do not also estimate reduced form relationships between economic variables such as profits or the monetary value of yield and arbitrary forms of weather measures.
Relevant literature
Several studies have looked at the impact of climate related variables on crop yields specifically for India. Lahiri and Roy (1985) (L-R) look at the supply response of rice yields 14 As can be noted sowing and transplanting of winter rice is during the summer monsoon (Jun-Sept).
at the all India level and also include monthly rainfall (either in the sowing season or in the growing season). The paper is in the agricultural economics tradition of acreage and yield response to price (and also to "supply shifters" such as rainfall) and models this response in a Nerlovian partial adjustment framework (for which they actually do not find evidence). L-R postulate a gamma distribution for the effect of rainfall on yield (right skewed and bounded at zero), i.e., less rainfall (droughts) is worse than too much (floods). For yield they find the optimal monthly average rainfall is about 293mm for the months of July and August. They also argue that with the spread of HYVs post-mid 1960s (1965 onwards) Indian agriculture has become more rainfall dependent esp. since water requirement has gone up and the spread of irrigation has not kept pace with it. Kanwar (2006) extends this type of work to several food grains. He looks at supply response using a state level panel dataset and again finds rainfall matters considerably for supply response (it's a 'supply shifter') 16 . Auffhammer et al. (2012) extend Auffhammer et al (2006) and explicitly look at the impact of too little/too much rainfall (akin to gamma rainfall) on rice yields using a state level panel dataset. They too find significant impacts.
A problem in doing state or national level analysis is the need to aggregate rainfall and other weather data (there are several observation stations in a state) to one value at the state or national level. This is problematic since several Indian states are large, often bigger than countries in Europe and elsewhere 17 . Given the variation in rainfall and other weather variables for a state the resulting measurement error may bias the coefficients on weather variables downward Auffhammer et al. (2012) .
As in this paper a district level panel dataset for India is used by Guiteras (2009) and also by Fishman (2011) and Krishnamurthy (2012) . Guiteras (2009) examines the impact of temperature and rainfall on combined yield (in money terms) for five major food and one cash crop, namely, rice, wheat, jowar, bajra, maize and sugarcane. He finds that climate 16 "In other words, rainfall is the single most important factor determining supply response even today. Despite decades of massive irrigation schemes, the food crops continue to be rainfall-dependent." (op. cit., p. 80) change could reduce yields by 4.5 to 9% in the medium-run (2010-39) and by as much as 25% in the long-run in the absence of long-run adaptation. The main drawback of Guiteras as highlighted by Sarker et al. (2012) and by Krishnamurthy (2012) is combining different crops which are impacted differently by climate change. The dependent variable is akin to district income (from 6 crops) 18 normalised by area to arrive at gross revenue per hectare, and is hard to interpret.
Fishman (2011) also uses a district level panel and shows the impact of intra-seasonal variability of rainfall on yields. He shows that this effect can be moderated by spread of irrigation (so called adaptation) but the effect varies with groundwater depletion. Further, no evidence is found that irrigation mitigates increased heat exposure 19 . are given 'back' to the parent districts from which the newer districts were created. The final database thus includes data on the parent districts only, which is inclusive of the data 'apportioned' amongst the districts created later.
Data and methodology
Data sources
Agricultural data-
The variables of interest in this database include the area under, and production of, rice, pearl miller and sorghum (measured in hectares and tons respectively), district-wise consumption of fertilizers (tons of nitrogen, phosphate and potash fertilizers used), total gross cropped area in each district (measured in hectares, and accounting for multiple cropping), gross irrigated area under each of the three crops (measured in hectares, again accounting for multiple cropping), and total agricultural labour of each district. While the data on the area and production have been compiled into the ICRISAT database from the Statistical Abstracts of India, State Statistical Abstracts and the State Season and Crop reports, the data on fertilizer consumption has been obtained from the Fertilizer Statistics for India. The agricultural labour data has been procured from the decadal population censuses. Barring data gaps for a few variables in some districts, the area, input and output-related data is available at an annual frequency for both crops, whereas the data on agricultural labour is only available for the census years in the relevant range (1971, 1981, and 1991) . For the other years in the sample, this data has been interpolated (by fitting a linear trend on population growth).
The dependent variable considered is the logarithm of yield (tons of output per hectare), for each of the three crops. The three main independent variables created from the list of ICRISAT variables are fertiliser consumption, labour consumption, and irrigation. Since information on fertiliser consumption is only available at the district level in overall form (i.e.
for all crops combined), this variable had to be made relevant for the two crops in question.
This was done by weighing total fertiliser consumption in a district by the ratio of area under the crop to the gross cropped area of that district (assuming uniform distribution of fertilisers over the cropped area). Similarly, data on labour consumption is also available at the overalllevel for each district. The same weight was applied to total labour consumption of a district, to create the labour variables for the crops. The irrigation variable has been created by taking the ratio of gross cropped area under rice/ millet to the gross cropped area in the entire district. The fertilizer consumption and labour consumption variables, in turn, have been divided by the total area under the crop. -term (1901-1999) average of the maximum temperatures for these two months, divided by the long-term standard deviation of the maximum temperature for these two months. When seasonal variations are present within a set of data, it is useful to express the data in terms of standardized anomalies. Moreover, standardized/normalised variables generally provide more information about the magnitude of anomalies in the data, because influences of dispersion have been removed. The average of the maximum temperatures in the months of November and December has been used, as it is the maximum temperature (especially at night) which during the time of harvest is found to affect the yield of rice significantly. In the case of pearl millet and sorghum, the rainfall variable is the (normalised)
Climate data-
total annual rainfall for a given district, whereas the temperature variable is the (normalised)
annual average of the average temperature. Both climactic variables have also been used in the quadratic form (defined as temp 2 and rain 2 ), to understand the incremental impact of rainfall and temperature on the yield of all three crops. Table A3 provides summary statistics of the main variables used in the analysis.
Methodology
In the case of rice, 102 districts were chosen across the top 9 rice producing states of the country (West Bengal, Andhra Pradesh, Uttar Pradesh, Tamil Nadu, Orissa, Madhya Pradesh, Karnataka, Punjab, and Bihar) 20 . In case of pearl millet, 69 districts were chosen amongst the top 9 pearl-millet producing states of India (Rajasthan, Gujarat, Maharashtra, Madhya Pradesh, Karnataka, Andhra Pradesh, Tamil Nadu, Orissa and Haryana) 21 , whereas for sorghum the top 58 producing-districts were chosen amongst the top seven states (Maharashtra, Madhya Pradesh, Karnataka, Andhra Pradesh, Tamil Nadu, Gujarat and Rajasthan). Table A4 in the appendix lists the districts considered in each state for the three crops. As previously mentioned, the districts included in the ICRISAT database are those that existed as of 1966. However, the climatic dataset has been created taking into account the district boundaries as of 2002, which are remarkably different from those of 1966. The districts that comprise the panel-sample have been selected on the basis of the districts that existed in the ICRISAT database, and the climatic variables for these districts have been approximated by the district to which the largest area of the parent district was allocated (provided that it is more than 50% of the total area of the parent district).
In the presence of AR (1) serial autocorrelation (the outcomes are correlated across years for a given district) and cross-sectional dependence (the outcomes are correlated across districts in a given year), along with heteroscedasticity, FGLS (feasible generalised least squares) with fixed effects was found to an appropriate method of estimation. However, one of the drawbacks of FGLS estimation is that it produces overly optimistic standard error estimates.
Moreover, the estimates are only feasible if N<T, i.e. the number of observations are less than the number of time period, which is not the case for any of the three crops. To correct for this, panel-corrected standard error (PCSE) estimates are obtained, where the parameters are estimated using a Prais-Winsten (or OLS) regression. Equations have been estimated with district and year fixed effects, and district fixed effects and district-by-year fixed effects.
In the case of rice, it was observed that that the errors exhibited the presence of heteroscedasticity, serial autocorrelation, and also contemporaneous correlation. A PraisWinsten regression was thus estimated, under two different assumptions on correlation:
1) Within panels, there is AR (1) autocorrelation and that the coefficient of the AR (1) process is common to all of the panels, and 2) Within panels, there is AR (1) autocorrelation and that the coefficient of the AR (1) process is specific to each panel (i.e. panel-specific AR (1) autocorrelation) 21 The states considered for pearl millet and sorghum account for nearly the entire output of these crops, while the districts known to be the largest producers have been chosen.
However, in the case of pearl millet, the errors were found to exhibit heteroscedasticity, but no serial autocorrelation or contemporaneous correlation, whereas for sorghum, the errors exhibited heteroscedasticity, and contemporaneous correlation, but no serial correlation. A linear panel-data regression was then estimated, under the different assumptions on autocorrelation than which held for rice.
The regression equations which are estimated all three crops are as follows:
Ln (YIELD it ) = αi+ γ t + X it 'β + ∑ ε* f (W it ) + µ it, Ln(YIELD it ) = α i + ε t* t + X it 'β + ∑ ε* f(W it ) + µ it, and where α i refer to the district-level fixed effects, which are quite useful in capturing unobserved heterogeneity across districts and γ t refer to the year-specific dummies which control for annual differences in yield, common to all the districts (Deschenes and Greenstone, 2007). The second equation estimates the same equation, but with district-byyear fixed effects, rather than simple year fixed effects. The Xit refer to the district and yearspecific agricultural variables, whereas the Wit refers to the climactic variables (namely rainfall and temperature). State and year fixed effects were not estimated, given that the sample size would be too small to run a robust panel-data estimation.
Results
Rice
Tables 1 and A5 (in the appendix) give the results the regression estimation for rice, taking the temperature variable as the average of the maximum temperatures in the months of November and December, and defining the rainfall variable as the total growing season (June, July, August and September) rainfall. Table 1 reveals that with district and district-year fixed effects, both the rainfall and maximum temperature variables are found to be significant, even at the 1% level of significance. Higher rainfall leads to higher yield of rice, whereas higher temperatures lower the yield. The quadratic variable for rainfall is significant, and negative, which means that higher rainfall leads to higher yield, but at a decreasing rate. Interestingly, the coefficient on the quadratic term for temperature is positive: higher temperatures would mean lower yield rates, but the incremental impact of a one unit increase in the temperature variable becomes more severe as the temperature increases. Both the irrigation and fertilizer consumption variables are highly significant, which is expected given that rice production is highly inputdriven in large parts of the country, and the signs are intuitive (higher the proportion of land under rice irrigated, higher is the yield, and higher the fertilizer consumption used for rice, higher is the yield of rice). Labour too is found to have a positive impact on the yield of rice, even though the variable is slightly less significant (still significant at the 5% level). This particular specification is appropriate, given that it captures the effects of district-specific time-invariant unobservable characteristics, and also district-specific time-varying unobservable characteristics, that trend smoothly over the sample period. The only difference is that labour now has a negative sign, which is counter-intuitive: more the labour consumption, lower is the yield of rice. Some variables are no longer significant, such as the temperature quadratic term, labour consumption, and the temperature term is significant only at the 10% level of significance. These results also hold once panel-specific errors are taken into account (tables A6 and A7 in the appendix).
Pearl millet (bajra)
Tables 2 and A8 (in the appendix) produce similar results for pearl millet as for rice, with the difference being in the definition of the climactic variables. Rainfall has been defined as the (standardized, using long term mean and standard deviation) total annual rainfall for each district, while temperature has been defined as (standardized, using long term mean and standard deviation) average annual temperature. Due to lack of serial correlation in the data, the errors are assumed to be independent in this case. Table 2 gives the results for district and district-year fixed effects, while table A8 (in the appendix) gives results with district fixed effects and year fixed effects. The coefficients on fixed effects have been suppressed. Table 2 reveals a similar impact of higher rainfall on pearl millet production, as in case of rice (greater the rainfall, higher the yield). The variable is also found to be highly significant.
While the average temperature variable is (highly) insignificant, the sign is intuitive. The sign of the rainfall quadratic term is identical to that of rice (higher rainfall means that the incremental impact of rainfall on pearl millet yield declines), however the sign of the temperature quadratic is negative: higher temperatures mean that the incremental impact of temperatures on pearl millet yield is dampened. It is also highly insignificant. The impact of the other agricultural variables appears to be significantly diluted in case of pearl millet: both labour usage and irrigation seem to have a negative impact on the yield of rice, even though they are significant at the 5% level of significance. Table A8 gives mostly similar results to table 2, in terms of the signs and significance of the climactic variables. The difference in the agricultural control variables is that the fertilizer variable is now insignficant. Labour consumption and irrigation still have a negative impact on the yield of pearl millet, whereas fertilizer consumption has a positive impact. Another difference from table 2 is that the quadratic term for temperature (though insignificant) has a positive sign: as temperatures increase, yield of pearl millet declines; moreover, the negative impact is getting exacerbated over increases in temperature. The coefficient for quadratic for rainfall retains its positive sign.
Sorghum (jowar)
Tables 3 and A9 (in the appendix) present the results for sorghum, assuming the same dependent variable as for the other two crops, while defining the climactic variables in a similar manner as was done for pearl millet. Similar to pearl millet, there is a lack of serial correlation in the data, hence the errors are assumed to be independent. Table 3 gives the results for district and district-year fixed effects, whereas table A9 (appendix) gives results with district fixed effects and year fixed effects. The coefficients on the fixed effects have been suppressed. According to Table 3 , the climactic variables seem to have similar effects on the yield of sorghum as they did on the other two crops. Higher rainfall means higher the yield, higher the average temperature, lower the yield. Higher the temperature, lower the rate of decrease of yield with temperature (as was the case with pearl millet), and higher the rainfall, lower the rate of increase of yield with rainfall. However, the temperature variables are found to be highly insignificant. Moreover, the agricultural control variables seem to have counterintuitive signs, i.e. higher the labour or irrigation, lesser is the yield of sorghum; these variables are also insignificant. Table A9 also gives similar results, with respect to the signs of the variables, other than the fact that fertilizer consumption is found to have a negative impact on yields, while irrigation is found to have a positive impact. The fertilizer and irrigation variables are highly insignificant, along with the temperature variable, while even labour is insignificant at the 5% level of significance.
Regional differences
The regressions for rice, pearl millet and sorghum were also run using region-level interactive terms, to gauge the impact of rainfall and temperature on specific regions. These regions have been decided on the basis of geographical proximity, and similarity of climate, 
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Gujarat, MP and Maharashtra-Central region AP, Karnataka and Tamil Nadu-Southern Region Table A10 (in the appendix) gives the results for rice, where the regression has been carried out using district and year fixed effects, along with the interactive terms between the region indicators and both the rainfall and temperature variables, assuming AR (1) serial autocorrelation. While the significance of the original climactic variables drops tremendously, this exercise is useful in understanding the differential impact of climate change across regions. The district and year fixed effect terms have been suppressed. Table   A11 in the appendix gives the results once panel-specific AR (1) serial autocorrelation has been assumed. Tables A12 and A13 in the appendix illustrate similar results for pearl millet and sorghum respectively, assuming heteroscedasticity, and no AR (1) serial autocorrelation. Again, the district and year fixed effect terms have been suppressed. Tables A10 and A11 illustrate the differential regional impact of climate change in case of the rice crop. For instance, for the central region, the positive effect of higher rainfall on yield of rice has been exacerbated, i.e. the (net) coefficient on rainfall for the central region is higher than the overall coefficient. This means that yield in this region responds more, to a given change in rainfall. However, given that over time, rainfall has declined in this region, so would have the yield of rice. For the northern and eastern regions, the positive effect of more rainfall is dampened: it would lead to a lesser increase in yield, even though the final coefficient still remains positive. However, again given that the rainfall in these regions too has declined over time, it seems fair to say that the reduction in yield would not be as much as it would be at the overall level. Similarly, in case of temperature, for the southern and eastern regions, the negative impact of higher temperatures on rice yield is getting dampened:
in case of the southern region, the final effect has still remained negative, while in case of the eastern region, the final effect has turned positive! Given that temperatures have been rising in both eastern and southern India, this means that while the yield of rice in southern India has fallen less than it has at an overall level (even though it has still fallen), the yield of rice in eastern India has actually gone up due to higher temperatures. Conversely, in central India, the negative impact of higher temperatures on yield has only been worsened: higher temperatures would reduce yield even further in central India than they would at an overall level.
Tables A12 and A13 also gives some interesting results: in the central and northern regions, the positive impact of higher rainfall on the yield of pearl millet is getting strengthened:
however, given that rainfall has declined in both these regions over time, the impact on yield of this crop in these regions would have been more negative than at an overall level. For the temperature effects, in both southern and central India, the (net) effect of temperature on the yield of pearl millet is turning positive. This bodes well for the pearl millet crop, if temperatures have been rising in both these regions of the country. Similarly, in case of sorghum, the net effect of rainfall on its yield remains positive in both the central and southern states, even though the (positive) effect is mellowed down. For the temperature variable however, it appears as if in the central states, the net effect is becoming positive, i.e.
higher the temperature, higher the yield, whereas the effect remains negative for the three southern states (Tamil Nadu, AP and Karnataka). This is well-supported by evidence, which suggests that the yield of sorghum is negatively affected by declines in temperature.
Interpretation of Regression Results
In the case of rice, the results reveal the strong positive effect of rainfall on its yield, across different specifications of the regression equation. Moreover, the positive impact of rainfall on its yield is dampened, as the level of rainfall increases, or conversely, the negative impact of lesser rainfall on yields is exacerbated as rainfall reduces. Rainfall has deteriorated over time in most regions, other than the southern, which has experienced higher rainfall. Hence, in the sample considered, in 4 out of 9 states (MP, Orissa, West Bengal and Bihar), declining rainfall may be a contributing factor towards declining yields of rice. Incidentally, these are also some of the economically weaker states of the country.
The direction of impact of maximum temperature on the yield of rice is as expected-as temperatures increase, the yield of rice declines. Moreover, higher temperatures have meant that the rate of decline of yield with increase in temperature also increases. The regional effects are also interesting: in the states of AP, Karnataka, Tamil Nadu, West Bengal and Bihar, higher temperatures have not had as severe an impact on the yield of rice as at the overall level. In fact, in West Bengal and Bihar, they may even have had a slightly positive impact. However, in the states of MP and Orissa, higher temperatures have meant an even more severe decline in the yield of rice than at the overall level.
The agricultural controls such as irrigation, labour and fertilizer consumption have positive and strong impact on the yields. Labour, however, is found to affect yield negatively when time-variant unobservable characteristics are not taken into account. This may be attributed to the surplus labour available for rice production in the country. Moreover, labour input intensity is higher in districts which are already poor in terms of yield, where yields may be falling irrespective of higher labour usage (which also explains the insignificance of this variable in these specifications).
The story of pearl millet is more subtle-the impact of rainfall on the yields remains identical to that in case of rice: higher rainfall leads to higher yields of the crop, albeit at a declining rate. Regionally, the declines in rainfall in both the central and northern regions over time have contributed to lowering the yields of this crop (in states like Rajasthan, UP, MP, Gujarat, Maharashtra and Haryana).
The effects of higher (average) temperature on the yield of pearl millet continue to remain negative, even though the variable turns out to be (highly) insignificant, pointing to the hardy nature of this crop. In states such as AP, Karnataka, Tamil Nadu, Gujarat, MP and Maharashtra, the response of yield to higher average temperatures is in net, positive. Such results seem to suggest the slightly weaker impact increases in temperature may have on the yield of pearl millet, than in case of rice: different regions would reveal different impacts on yield, depending on whether the average temperatures have risen or fallen.
The agricultural controls however exhibit interesting effects: the labour consumption variable has a negative impact on the yield of pearl millet (again, this might be attributed to the availability of surplus labour in the production of this crop). Irrigation, on the other hand, while an important factor in explaining the yield of the crop, has a negative impact on its yield with both district and year fixed effects, and district and district-by-year fixed effects. This is counter-intuitive. Fertiliser consumption, on the other hand, has the expected positive impact on the yield of pearl millet, even though it appears to be insignificant in one specification. Such results reinforce the notion of pearl millet being a crop that doesn't require much input application. In addition, it appears to withstand climate change better than crops such as rice.
Sorghum, also considered as a 'hardy crop' much like pearl millet, seems to be more sensitive to decreases in rainfall, than to an increase in the average temperature (the temperature variable is insignificant) even though there is still a negative relationship between temperatures and sorghum yield. The agricultural control variables also show counter-intuitive trends with the sorghum yield. There is no consistent trend as far as these signs are concerned: different specifications of the model yield different signs for the irrigation and fertiliser variables, even though labour seems to have a consistent negative impact (again, possibly due to the availability of surplus labour). Moreover, these controls show up as insignificant in certain specifications. This points to the uncertainty surrounding the determinants of the yield of sorghum, much like pearl millet.
The regional effects indicate that states such as AP, Tamil Nadu, Karnataka, Gujarat, Maharashtra and Madhya Pradesh react in a similar manner to an increase in rainfall (i.e.
when rainfall increases, the yield of sorghum will also increase). In the southern states, which have experienced an increase in rainfall over time, this may have contributed towards increasing the yield of sorghum. In states such as Gujarat, Maharashtra and Madhya Pradesh, which are some of the largest producers of the crop, the effect of average temperature on yields has been positive: however, it is difficult to say whether the crop would be able to withstand further increases in temperature in the future. For instance, in the southern states of Karnataka, AP and Tamil Nadu, higher temperatures have already begun showing negative effects on the yield.
Climate Change Predictions
An attempt has been made in this paper at predicting the impact of climate change on the yields of the three foodgrains. The climate change scenario considered for these forecasts is the short-term (2010-2039) A1F1 (business-as-usual) scenario for south Asia of the IPCC.
This involves a 0.5 °C uniform increase in temperature, and a 4% increase in precipitation over the values in . While it is understandable that these predictions would not capture the differences in distributions of rainfall and temperature across different regions of the country, it is a start towards understanding the probable impact of climate change on yields.
For rice, the mildly positive impact of increasing precipitation on yield was outweighed by the negative impact of increasing temperatures on yield, both in the wettest and driest rice-producing areas (the entire population was divided into quartiles, on the basis of declining levels of rainfall). The expected decline in the yield of rice is 1.21% in the wettest areas, and 0.92% in the driest areas. However, in case of pearl millet, the yield of the crop is expected to increase across all quartiles of regions. The yield of sorghum is expected to decline across all regions, the decline being steepest in the wettest regions, where it is expected to go down 1.42%. For details on the percentage change in the predicted yields of the crops, refer to the table A14 in the appendix.
These results reinforce some of the results of the regressions; rice appears to be susceptible to climate change, especially in the wettest and driest parts of the country. Whilst pearl millet appears to withstand climate change well (its yield is predicted to go up across regions), the yield of sorghum appears to decline, given the short-run expected climate change. The relative magnitude of temperature and rainfall changes appear to play a pivotal role in deciding the direction of change in the yield: evidence suggests that yields of crops such as pearl millet and sorghum may decline with a drop in temperature; the expected temperature increases may therefore be beneficial to these crops. However, that does not appear to be the case with sorghum; its yield is declining across regions. The extent of increase in the temperature appears to be more harmful to sorghum, than it is for pearl millet. On the other hand, the expected increase in rainfall is beneficial for all three crops. Thus, in the short-run scenario, more rainfall seems to be conducive to crop growth, whereas higher temperatures have an ambiguous effect on the yields.
Concluding remarks
Climate change is caused primarily through carbon emissions. In this nature does not discriminate. A ton of carbon (greenhouse gases more generally) burnt anywhere in the world and at any point in time, broadly speaking, causes the same increase in the stock of greenhouse gases. In other words, it is a stock externality caused by a uniformly mixed pollutant. But the effects (i.e., damages) of global warming are very asymmetric in nature. It is expected to affect, for instance, low-lying coastal areas more than areas inland. Indeed, some areas could gain from global warming--very cold areas could become habitable and cultivable.
As mentioned in the Introduction, in this paper we wanted to look at the possible effects of climate change on certain crops in India. We have looked at rice and millets--the former is the leading foodgrain in terms of output and area sown, while the latter (group) is a hardy crop that can withstand the vicissitudes of weather.
For rice the evidence is overwhelmingly that both rainfall and temperature (the two climate variables) matter. But so do other inputs viz. labour, fertiliser and irrigation. For millets, rainfall is the sole determinant (that is statistically significant). If one takes the regressions seriously, millets grow on their own--none of the other variables matter.
There are now a number of recent studies that address the issues dealt with in this paper for India and other countries, for example (but not limited to) Deschenes and Greenstone (2007), Guiteras (2009 ), Fishman (2011 ), Auffhammer et al. (2006 and Krishnamurthy 2012.
Our study has a monthly district-wise focus. We are able to analyse fixed effects emanating from district and state specific characteristics. Also unlike some studies (e.g., Auffhammer
2006, Schlenker and Roberts 2009 , Poudel and Kotani 2012 and Sarker et al. 2012 , where only temperature and/or rainfall appear on the right-hand side, we have a number of other inputs (controls) on the right hand side. These can give us some idea of the trade-offs involved in the process of climate change--if the temperatures rise, causing yields of paddy to fall, can it be compensated for by the use of more fertiliser? 22 Our focus is also deliberately crop-based. There are studies where temperature is seen to cause changes in income (in a multi-crop setting). The interpretation of these can be problematic (joint outputs, no input variation, the use of prices). We set ourselves the limited task of tracking (carefully) the changing yields over a large panel. In that the crops of interest matter to the lives some of the world's poorest people, who would be affected by climate change, this analysis seems worthwhile. 
